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Introduction
Due to the high strength-to-weight ratio, carbon fiber reinforced plastic/Ti alloy (Ti/CFRP) stacks are extensively used in the aircraft industry [1] [2] [3] . Hole-making process accounts for 40-60% of material removal in aircraft assembly [4] and such operation not only determines the total machining time but also strongly affects the reliability of the aircraft [5] .
Conventional drilling is by far the most common hole-making process for Ti/CFRP stacks. However, the hole quality produced through drilling is far from ideal due to the large cutting force and high cutting temperature. As a result, additional post-drilling processes (such as trimming edges, clean-up, disassembly/reassembly, etc.) are often required [6, 7] , which subsequently increase the total processing time.
Helical milling (also known as orbital drilling) is an emerging hole-making technology, by which the hole is milled with a small contact area. As much lower force and temperature are generated during this process, better hole quality can be achieved without deploying redundant post processing, hence hole-making efficiency can be greatly improved [8] [9] [10] [11] [12] .
In hole making processes for Ti/CFRP stacks, the low thermal conductivity, low deformation coefficient and high chemical reactivity of titanium alloys often result in severe tool wear [13, 14] , while the high hardness of carbon fibers in CFRP also poses a great challenge to the tool durability [15] [16] [17] [18] . In spite of numerous advantages of the helical milling process, rapid tool wear still occurs in milling of Ti/CFRP stacks [19] , leading to reduced processing quality.
Wear resistant coatings have been applied widely in machining aircraft materials to enhance the tool durability. Pecat et al. [20] showed that AlCrN coating and hard carbon coating can reduce tool flank wear significantly in low frequency vibration assisted drilling of CFRP/Ti6Al4V. Zitoune et al. [21] found that nc-CrAlN/a-Si3N4 coated tool could decrease the cutting force and improve the finishing surface roughness in drilling of CFRP/Al stacks. Park et al. [22] verified the advantages of boron-aluminum-magnesium (BAM) coating in drilling of CFRP/Ti stack at high cutting speed, such as less Ti adhesion and lower tool wear. On the other hand, some research showed that coated tools may not always produce promising results.
According to the investigation of Mruphy et al. [23] , TiN coated and DLC coated tools produced higher thrust forces and lower diameter accuracy compared with uncoated tool in machining of carbon-epoxy composites. Wang et al. [24] found that in drilling of CFRP, AlTiN coating offered no benefit but a high thrust force and a large wear volume. Shyha et al. [25] claimed that TiN coated drill bits have shorter tool life than uncoated drill. Qin et al. [14] found diamond coated tool produced serious coating flaking in helical milling of Ti alloys and therefore it is not recommended for the hole making process of Ti alloys.
To date, literature concerning tool coating performance in machining of stack material has been mainly focused on the drilling process. Although a few studies have deployed coated tools in helical milling of alloy or composites [12, 26, 27] , the role of different coatings in helical milling of Ti/CFRP stack is still lacking. Since helical milling is increasingly used in aircraft assembling, it is necessary to systematically evaluate the coated tool performance and understand their degradation mechanisms in helical milling of Ti/CFRP stacks.
In this paper, coated (diamond, TiAlN+AlCrN and TiAlN) and uncoated tools were used for helical milling of Ti/CFRP stacks. The associated cutting forces, hole qualities and tool wear are investigated systematically and the detailed tool degradation mechanisms are discussed.
Experimental details
5 mm thick titanium alloy (Ti6Al4V) plate was placed on top of 5 mm multidirectional CFRP (consisting of T800 carbon fiber and epoxy matrix) to form a typical Ti/CFRP stack structure, which was bolted to a dynamometer. The plate size is 120mm*250mm. The milling tools were prepared from WC-12%Co cemented carbides with ultrafine grains with or without coatings. The morphology of uncoated (UC), diamond coated (DC), TiAlN+AlCrN multilayer-coated (TAC) and TiAlN (TC) coated end mills were investigated using a scanning electron microscope (SEM, FEI Quanta 250FEG) and a VHX-5000 3D optical microscope. Figure 1 shows the optical images of a typical uncoated helical milling tool. There was no edge preparation before coating deposition for these coated tools. Figure 2 shows the cross-sectional images of coated tools. Further specifications and geometries of the milling tools are listed in Table 1 and Table 2 , respectively. The geometries of all tools are the same. Table 3 . There was not any coolant during the tests. The machined hole diameters were measured using a three coordinate measuring system and the hole surface roughness was measured by a Mitutoyo SJ-500 surface roughness meter. The hole edge profile was evaluated using a VHX-5000 3D optical microscope. The worn surfaces morphology and its elemental composition were analyzed using SEM and energy dispersive spectrometer (EDS), respectively. The hole edge quality was investigated using a Keyence VHX-600E digital microscope.
Results and discussions

Cutting forces
Holes were produced along the short side of stack plate and each column accommodated 7 holes. Considering the serious degree of tool wear, 2 colums of holes (14 holes) were produced using each tool selected in the present investigation. (Fig. 4d) , which may be due to thermal softening [28] caused by the elevated cutting temperature. respectively. It can be seen UC tool generated the lowest cutting forces in all directions whereas DC tool generated the largest cutting forces. It is also worth noting that there is a sudden increase in the radial forces (peaked at the 3 rd hole) of the DC tool. The sudden increase is caused by cutting edge chipping in machining process, as shown in Fig. 6 , there was an obvious increase when machining the 2 nd hole using DC tool. While after the 3 rd hole, cutting forces increased slowly and seemed to be plateauing, it may be related to the serious Ti adhesion after edge chipping. As the adhered materials generated and worn out, cutting forces fluctuate remarkably.
Besides, the increase of cutting temperature caused by chipping may decrease cutting forces due to the thermal softening effect. The cutting forces resulted from TAC and TC tools are generally greater than that of the UC tool but lower than that of the DC tool. Cutting forces for CFRP follow similar trend as seen for the Ti alloy, except that the level of forces is much lower, see Fig. 7 . The differences in cutting force are strongly related to the different tool wear state, which will be discussed in section 3.3.
Fig. 7
Cutting forces measured for different tools in helical-milling of CFRP Figure 8 shows the hole sizes produced by different tools. In general, hole diameter gradually decreases as the hole number increases, this can be attributed to the gradual tool wear and the increasing tool deflection due to the increased radial cutting forces (see Figs. 5 and 7). The diameters of the first few holes produced by coated tools are slightly larger than expected. It has been associated to two aspects.
Hole quality evaluation
Hole sizes
Firstly, it is ascribed to the added coating, especially the coating near the cutting edge has a larger thickness than that in a flat region (the measured area) [29] . Secondly, Ti adhesion near the cutting edge of coated tools is more serious than uncoated tool (this is demonstrated in section 3.3), it also contributed to the larger hole size. 
Surface roughness
The hole side wall surface roughness (Ra) produced from different milling tools is shown in Fig. 9 . For both Ti alloy and CFRP, the side wall roughness increase with increasing hole numbers, with CFRP giving a higher roughness for each hole made.
The surface roughness produced by the UC tool and nitrides coated tools are similar, whereas the hole roughness produced by the DC tool was much greater, especially after hole 5. Since same cutting conditions have been used, the difference seen for the finishing surface quality can be related to the various levels of wear at tool cutting edge (see section 3.3).
Fig. 9
Hole side wall surface roughness a Ti alloy, b CFRP
Hole edge quality
Considering the stacking sequence of the machined work piece (Ti alloy is holes on Ti alloy produced by a~c UC tool, d~f DC tool, g~i TAC tool and j~l TC tool using a VHX-5000 3D optical microscope alloys (see Fig. 5 ), suggesting that the increase in cutting force is an important factor contributing to the burr growth.
The defect at the hole exit on the CFRP side shows a completely different morphology, as shown in Fig. 12 . Different degrees of burrs and splits were observed at the hole exit for different tools used. Since the CFRP was placed at the bottom of the stack, it is more prone to form burrs and splits. Figure 12 shows that the UC tools produced the smallest burrs and splits whereas DC tool produced the largest burrs and splits, which is owing to the highest axial forces exhibited by the DC tool. Figure 13 shows the flank faces of the tool end cutting edges after milling 14 holes. It is observed that the degradation of the UC tool was very mild (Figs. 13a and   b) . No titanium has been detected on the worn tool surfaces from the EDS analysis (see Fig. 13c ). On the other hand, the DC tool exhibited severe flaking. Figures 13d and e show a typical image of a worn pit formed on the cutting edge of DC tool as a For regions F and H (~2.5 mm away from the tool nose), micro-chipping was observed, which is detrimental to tool performance and processing quality of the holes produced [30, 31] . Figure 15 reveals the surface details of tool rake faces after producing 14 holes.
Fig. 11 Height of burrs produced by different tools at the Ti alloy hole entry
Tool wear
Similar to the tool flank face observation, no Ti adhesion or chipping was found on the UC tool rake face, whereas severe coating flaking and Ti adhesion have been observed on the DC tool. Moderate adhesive wear has occurred on the TAC and TC tool rake faces, accompanied by micro chipping on the peripheral cutting edge.
Overall, the wear levels of the tools can be arranged in an ascending order of UC tool, TAC tool, TC tool and DC tool. Tool wear can directly affect cutting force, it is the reason that the cutting forces produced by UC tool are the lowest and those produced by DC tool are the largest, as shown in Figs. 5 and 7.
Fig. 14 SEM images of flank faces on the tool peripheral cutting edge after milling 14 holes: a~d UC tool, e~h DC tool, i~l AC tool, m~p TC tool
Discussion
It is widely accepted that that the use of wear-resistant coatings can prolong the life of cutting tools. However, this study on helical milling of Ti/CFRP stacks shows contradictory results. Compared with coated tools, the uncoated tool has resulted in lower cutting forces, better hole quality and less severe tool wear. The findings are However, the degradation of coated tools in helical milling of Ti/CFRP stacks in the present study is much more complicated because of the intricate wear mechanisms involved during cutting of Ti/CFRP stacks and the differences between helical milling and drilling processes.
Degradation mechanism of nitride coated tool
Since the cutting thickness in helical milling of Ti/CFRP is small (0.3~0.5 μm/tooth for the end cutting edge and 30~60 μm/tooth for the peripheral cutting edge in this paper), the tool performance and hole quality are strongly dependent on the roundness of cutting edge [32] . On the other hand, the coating layer can greatly affect the cutting edge radius of the coated tool. The sharp geometry of the cutting edge (hence a higher residual stress concentration) can lower the coating bonding strength [33, 34] , making them more prone to flaking and subsequent degradation. In addition, it is generally accepted that tool wear under machining of CFRP is mainly concentrated on the cutting edge [17, 32, 35] . When machining the Ti/CFRP stacks, the cutting tools are subjected to a higher residual temperature (as a result of machining the top Ti alloy), this would accelerate the cutting edge wear during the subsequent machining process. Therefore, machining of Ti/CFRP stacks would cause rapid damage of the coating under the coupled effect of the weak mechanical stability of coating and the concentrated wear at the cutting edge. In this case, a visible increase in the roundness of tool cutting edge occurred, leading to the formation a micro negative chamfer, as is shown in Figs. 16a~d (for simplicity, only SEM images of TC tools have been selected for illustration purpose in Fig. 16 ).
In this study, the edge radius before coating deposition is ~2 μm and the coating thickness is in the range of 2~7 μm. Therefore, the coating flaking at the cutting edge can significantly affected the tool sharpness and its machining performance. As a result, cutting forces and cutting temperature will increase, leading to greater Ti adhesion. More importantly, the increased cutting forces will impose much greater cyclic impact stress on the peripheral cutting edges of the cutting tools, resulting in From these results, it can be seen that the ploughing force increment in tool early wear stages is larger than that in later wear stages, suggesting that edge rounding is faster in the early wear stages. The ploughing forces can be generally placed in an ascending order as: UC tool, TAC tool, TC tool and DC tool, which reflects cutting edge wear degree of different tools, which proves that coated tools had more serious edge wear than uncoated tool in helical milling of Ti/CFRP stacks.
Besides, the deteriorated coating on the flank face and the rake face will exert a micro-cutting action on the cutting chips and the machined surface, as shown in Figs. 16g~i. Such micro-cutting mechanism could aggravate the friction between the machined surface and the flank face, and increase the adhesive wear on the rake face as well as the flank face of the tool. On the other hand, the abrasive effect of the micro-cutting edge and the Ti adhesion layer could "polish" the machined surface.
This will compensate some of the aggravation caused by the micro-chipping and make the resulting hole side wall roughness comparable to those produced by uncoated tools (see Fig. 9 ).
Degradation mechanism of DC tool
The degradation mechanisms for diamond coated tool are significantly different from those of the nitrides coated tools. Figure 18 shows the wear morphology of zone A in Fig. 1 at different machining stages. It is obvious that chipping took place at the initial machining stage, which is one major reason for the catastrophic performance of the DC tool. According to the EDS analysis, the Co content of cemented carbides in zone A of Fig. 2a is only 3~6 wt.%, This is a result of the commonly used pre-treatment process for reducing the Co content in the WC/Co carbides in order to improve the coating bonding strength [40] . However, such low Co content significantly reduces the ductility of the cutting edge and directly causes the serious chipping experienced by the tool. On the other hand, the compatibility between the diamond coating and the cemented carbide was not good enough to prevent the heavy flaking on the DC tool. In addition, the graphitization and oxidation of diamond coating under high cutting temperature would also accelerate the coating degradation and bring down its protection function [41] . 3. The poor performance of nitrides coated tools is mainly attributed to the combination action of the increased roundness of cutting edge caused by tool coating and the strong dependence of cutting performance on the tool sharpness.
For the diamond coated tool, the low ductility of tool cutting edge, weak coating/substrate bonding strength and the poor coating thermal stability have contributed to its severe tool degradation.
From the findings of this research, it is concluded that uncoated WC/Co tools are more appropriate for the helical milling of Ti/CFRP stack structure than the diamond, TiAlN+AlCrN or TiAlN coated tools. Further advances in tool manufacturing to reduce the negative effect of coating on the tool sharpness and improve the coating adhesive strength at cutting edge, such as suitable edge preparation and reducing coating thickness, would improve the existing coated tool performance. However, this requires more detailed investigation and development in future.
